In this contribution we investigate and compare the initial acquisition performance of single-and multicarrier DS-CDMA systems over multipath Nakagamim fading channels under the hypothesis of multiple synchronous states i n the uncertainty region of the P N code. The code acquisition performance is evaluated i n the context of multi-carrier DS-CDMA (MC DS-CDMA), w h e n the correlator o u t p u t s of the subcarriers associated with the s a m e phase of t h e local pseudo-noise (PN) code replica are noncoherently combined using an equal gain combining (EGC) scheme. O u r investigations indicate that the code acquisition performance of the MC DS-CDMA scheme is better, than that of the single-carrier DS-CDMA scheme over the multipath Nakagami-m fading channels encountered. However, if the detection threshold was set inappropriately, the performance might be degraded, even if the channel quality improves.
INTRODUCTION
The acquisition problem has attracted considerable research in recent years (see [l] - [6] and the references therein). The performance of code acquisition systems has been widely investigated over Additive White Gaussian Noise (AWGN) channels and frequency non-selective, as well as frequencyselective Rayleigh or Rician fading channels, respectively.
A general fading channel model, which is often used in the literature for characterizing the fading statistics in a digital mobile radio channel, is the Nakagami-m distribution [7] . This model is versatile, and often better fits experimental data generated in a variety of fading environmentsincluding urban as well as indoor radio propagation channels -than the Rayleigh and Rice distributions. Moreover, the Nakagami-m distribution function models a continuous transition from a Rayleigh fading channel to a Gaussian channel by varying a single parameter, namely m, from one to infinity [7] . Recently, the Nakagami fading channel This work has been funded in the framework of the IST project IST-1999-12070 TRUST, which is partly funded by the European Union. The authors would like to acknowledge the contributions of their colleagues.
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model has been widely employed for the analysis of the error probability performance in wireless communication systems using different modulation schemes both with and without DS spreading [7] [8] . In the context of initial synchronization the Nakagami-m fading channel model has been invoked for the investigation of the initial synchronization performance of parallel acquisition schemes in [4, 51.
In this contribution we quantify the performance of a serial search acquisition scheme over multipath Nakagami-m fading channels, under the hypothesis that there are multiple synchronous states ( H I cells) in the uncertainty region of the PN code [3] . The acquisition performance is evaluated and compared for both single-carrier DS-CDMA systems and high-data rate MC DS-CDMA systems. Studying the acquisition performance of MC DS-CDMA is expected to attract further attention, since MC DS-CDMA transmission schemes have been proposed, in order to achieve further advantages in terms of bandwidth efficiency, frequency diversity, reduced complexity parallel signal processing and interference rejection capability in high data-rate transmissions [8, 91.
SYSTEM DESCRIPTION

Transmitted Signal
The transmitter schematic of the kth user is shown in Fig.1 for the MC DS-CDMA system considered, which can be viewed as the simplified transmitter schematic of the multitone and orthogonal MC DS-CDMA schemes [9] . At the transmitter side, the binary data stream having a bit duration of T b is serial-to-parallel converted to U parallel substreams. The new bit duration of each sub-stream or the symbol duration' is T, = UTb. Note that if U = 1, then the transmitter does not include serial-to-parallel conversion and the corresponding MC DS-CDMA scheme, consequently, represents the conventional single-carrier DS-CDMA scheme. After serial-to-parallel conversion, the uth substream modulates a subcarrier frequency f,, using Binary Phase Shift Keying (BPSK) for U = 1 , 2 , . . . , U . Then, the U subcarrier-modulated sub-streams are multiplexed in the frequency domain, in order to form the complex modulated signal. Finally, spectral spreading is imposed on the complex signal by multiplying it with a spreading code. There- Let N = T,/Tc be the spreading gain of the subcarrier signals in the generalized MC DS-CDMA system and NI = Tb/Tcl be the spreading gain of a corresponding singlecarrier DS-CDMA system, where T,1 represents the chipduration of the corresponding single-carrier DS-CDMA signal. In the following analysis -for the sake of simplicitywe assume that there exists no spectral overlap between the spectral main-lobes of two adjacent subcarriers in the MC DS-CDMA system. Moreover, we assume that each subcarrier signal occupies an equal bandwidth and the total system bandwidth is evenly divided amongst the U number of subcarriers. Hence, we have 2/Tc1 = U x 2/Tc or T, = UTcl and NI = N , since T, = UTb. Based on the above assumption, we can infer that both the MC and the corresponding single-carrier DS-CDMA system have the same information rate of 1 / T b and the same system bandwidth of 2/TC1, which allows their direct comparison in our forthcoming discourse.
Channel Model
We assume that the channel between the kth transmitter and the corresponding receiver is a multipath Nakagami-m fading channel [7] . The complex low-pass equivalent representation of the channel impulse response (CIR) experienced by subcarrier U of user k is given by [lo] L,-1
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hk%(t) = a$L6(t -Tkl,) exp (-id'$:) (2) 0-7803-6728-6/0 1 /$I 0.00 0200 I I EEE where a$;, n i p and $$a represent the attenuation factor, delay and phase-shift for the Z,th multipath component of the channel, respectively, while L, is the total number of diversity paths and 6 ( t ) is the Kronecker Delta-function. where r(.) is the gamma function [lo] and m is the Nakagamim fading parameter that characterizes the severity of the fading over the Z,-th resolvable path [7] . The parameter 0 : ; in (3) is the second moment of a$;, i.e.,
We assume a negative exponentially decaying multipath intensity profile (MIP) distribution given by QUIp ( k f = O~e -~l p , 7 2 0, where 520 is the average signal strength corresponding to the first resolvable path and q is the rate of average power decay.
We assume that the system supports K users and that all users have the same number of subcarriers, namely U .
Moreover, we assume that the first user is the one that requires initial synchronization, while the other users are synchronized and reached the data transmission stage. Furthermore, we assume that all users have the same average received power. Consequently, when K signals obeying the form of (1) are transmitted over the frequency-selective fading channels characterized by (2), the received signal at the base station can be expressed as
where 92' = f j k u -$2; -27rfuT4, which is assumed to be an i.i.8 random variable having a uniform distribution in [ 0 , 2~) , while n(t) represents the AWGN with zero mean and double-sided power spectral density of N0/2.
SERIAL SEARCH ACQUISITION
Search and Detection Modes
The block diagram of the serial search mode and the detection mode for our MC DS-CDMA system is shown in Fig. 2 . The received signal is first down-converted into in-phase (I) We assume that the transmitter aids the initial synchronization by transmitting the phase-coded carrier signal without data modulation at the beginning of each transmission. In the MC DS-CDMA acquisition scheme of Fig. 2 , since all subcarriers employ the same spreading code, as shown in Fig.1 , and since we have assumed that no data modulation is imposed during the acquisition stage, the outputs of the U non-coherent subcarrier correlators seen in Fig. 2 , which are associated with the same phase of the local despreading code can be combined. Again, in this contribution, non-coherent EGC schemes are investigated. Let Zi, i = 1 , 2 , . . . be the output of the combiner, which represents the decision variable. Furthermore, let h in Fig. 2 be a decision threshold. Then, the search and detection mode can be described as follows. Whenever the decision variable 2; exceeds the threshold h, the system assumes that the corresponding delay of the locally generated PN sequence is the correct delay and proceeds to the verification mode. Otherwise, if Zi does not exceed h, the relative phase of the locally generated PN sequence is readjusted, in order to update the decision variable Zi, and the above process is repeated.
Mean-Acquisition Time
The generalized asymptotic equation for the mean acquisition time of serial search acquisition schemes has been given in [2] and [3] . It can be shown that, under the hypothesis of multiple H I cells in the uncertainty region of the PN sequence, the mean acquisition time can be asymptotically expressed as where q represents the total number of states in the uncertainty region of the PN sequence, while PFA represents the false alarm probability of an asynchronous state ( H o cell). More explicitly, the false alarm probability characterizes the probability of the event, when albeit a high correlation was registered, this falsely indicated the correct synchronization instant due to channel impairments. Furthermore, TD = MT, represents the integral dwell-time, while JTD represents the 'penalty time' associated with noticing that there is a false alarm and with re-entering the search mode.
Moreover, PM( ) represents the overall miss probability of the search mode, i.e. that of the event, when none of the correctly synchronized phases have been found during the tests over the whole uncertainty region. Let us assume that there are X H1 cells and ( q -A ) HO cells in the total of q number of states. Let the detection probabilities corresponding to the X H I cells be expressed as {PD,, PO,, . . . ,PO,}. Assuming that the test of each cell is an independent event, the overall miss probability is defined as i=l 0-7803-6728-6101 /$IO.OO 0200 I IEEE.
For our MC DS-CDMA system using U number of subcarriers and EGC the U branches associated with the same phase of the local PN sequence are equally weighted and then added, in order to form the decision variables Z;, as shown in Fig.2 , which can be expressed as: z , = c z i u , i = 1 , 2 ) . . . . schemes over multipath Nakagami-m fading channels using m = 1,2,50.
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where 4(LP,9) = -PI.
Since each resolvable path contributes two H1 cells [2, 31, and since the detection probability in the context of these two H1 cells is the same, consequently, according to (6) the overall miss probability corresponding to the Lp number of resolvable paths can be expressed as
where F b l P is given by (8) .
system using EGC can be expressed as
The false alarm probability of the multicarrier DS-CDMA
~, 4 , @, J=IOOO, K=l, SNR/chip=-6dB, q=2046. k=O Finally, the mean acquisition time of the serial search mode for the MC DS-CDMA using EGC can be evaluated by substituting (10) and (11) and the other related parameters into (5). Fig.3 shows the influence of the fading parameter, m, and that of the number of subcarriers, U , on the overall miss probability for the EGC scheme, where m = 1 , 2 and 50 represent the scenarios of Rayleigh fading, Rician fading and near-AWGN channels, respectively. F'rom the results we observe that for the EGC scheme assuming a sufficiently high SNR/chip value, the overall miss probability decreases, when m or U increases. We can obtain at least 2dB SNR/chip gain over the whole SNR/chip range considered, when U is increased from one to two, or from two to four, respectively.
NUMERICAL RESULTS
In Fig.4 we evaluated and compared the overall miss probability versus the normalized threshold performance of both the single-carrier and MC DS-CDMA systems for Figure 4 : Overall miss probability versus the normalized threshold, h, performance for the single-carrier serial search acquisition (U = 1) and for the MC (U = 2,4) DS-CDMA schemes over multipath Nakagami-m fading channels using m = 1,2,50.
the Rayleigh fading, Rician fading and near-AWGN channel scenarios. As expected, the overall miss probability of EGC increases for a given value of U and for a given value of m, as the threshold, h, increases. In addition to our observations in Fig.3 with respect to U and m, in Fig.4 we observe a crossover-point for the curves associated with m = 1 , 2 and 50 for any given value of U. Observe that for the threshold values to the left of the crossover-point, the overall miss probability decreases, when the channel conditions become better, i.e. upon increasing the value of m. By contrast, for threshold values to the right of the crossover-point, the overall miss probability increases, when the channel conditions improve. From the results we notice furthermore that the crossover-point moves to the right, when increasing the number of subcarriers combined. MC DS-CDMA system using U = 4 subcarriers. It is clear from Fig.5 that an inappropriate choice of the detection threshold h can lead to severe increase of the mean acquisition time, but the sensitivity of the mean acquisition time to the threshold decreases, as the SNR/chip increases. For any given SNR/chip value there exists an optimal choice of the threshold h, which minimizes the mean acquisition time. In addition, for any given threshold h, the mean acquisition time decreases, as the SNR/chip increases, and finally can reach a residual value, which is essentially due to the 'penalty time' associated with switching back to the search mode after a false alarm. This value can be computed from Figure 6 presents the mean acquisition time performance of the single-carrier and MC DS-CDMA schemes against the normalized threshold h. For any given number of subcarriers combined, and for a given value of m, there is an optimal choice of the threshold h, which leads to the minimum mean acquisition time. At the optimal value of h we notice that for the single-carrier DS-CDMA scheme (U = 1) the mean acquisition time performance is degraded upon increasing the value of m, while for the MC DS-CDMA scheme using U = 2 , 4 and the optimum threshold, the mean acquisition time performance is slightly improved, when increasing the value of m. Furthermore, if the value of the threshold is set inappropriately, the mean acquisition time will significantly increase, which is further aggravated upon increasing the value of m for h-values in excess of the optimum. However, as we noticed in the context of Fig.6 , the mean acquisition time performance of the EGC scheme is improved significantly and becomes more robust to the threshold for values in excess of the optimum, when more subcarrier signals are combined. 
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